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Abstract 
The growth mechanism of stacked InAs/InP(001) quantum wires (QWRs) is studied by 
combining an atomic-scale cross-sectional scanning tunnelling microscopy analysis with in situ 
and in real-time stress measurements along the [110] direction (sensitive to stress relaxation 
during QWR formation). QWRs in stacked layers grow by a non-Stranski-Krastanov (SK) 
process which involves the production of extra InAs by strain-enhanced As/P exchange and a 
strong strain driven mass transport. Despite the different growth mechanism of the QWR 
between the first and following layers of the stack, the QWRs maintain on average the same 
shape and composition in all the layers of the stack, revealing the high stability of this QWR 
configuration. 
1. Introduction 
The growth of stacked layers is a common approach to improve 
the spatial distribution and size homogeneity of self-assembled 
nanostructures . Stacking nanostructures leads to a 
vertical correlation between the different layers depending 
on the spacer layer thickness. This is due to the strain 
fields produced by the buried nanostructures that propágate 
towards the capping layer surface where the next layer of 
nanostructures will be formed . The vertical stacking 
of self-assembled InAs quantum wires (QWRs) grown on 
InP(OOl) has a particular interest since they emit light at 
1.55 /xm. These QWRs are formed instead of quantum dots due 
to a strong stress anisotropy built up during the growth process: 
the stress is much higher along the [110] direction than along 
the [110] direction. This is due to the distortion of As-In 
bonds along [110] and As-As dimerization along [1Í0] 
Therefore, stress relaxation takes place mainly along the 
[110] direction and the resulting nanostructures are elongated 
(typically more than 1 /xm long) along the [110] direction. In 
the case of InAs/InP QWR stacking, the presence of strain 
in the growth front can lead to relevant differences between 
the stacked layers and the first one. In a previous work, it 
was demonstrated that an extra amount of InAs is incorporated 
with respect to the amount of InAs that is deposited when the 
stacked QWR layers are separated by thin InP spacer layers 
(d < 10 nm) . Consequently, differences in size, shape or 
composition between the first and the stacked layers could be 
expected. According to those results, the formation of QWRs 
in correlated stacked layers could be explained by considering 
a combination of strain driven mass transport together with an 
efficient As/P exchange. 
In this work, we have focused on getting a deeper insight 
in the formation process of correlated layers of QWRs by 
combining an atomic-scale cross-sectional scanning tunnelling 
microscopy (X-STM) study with in situ and real-time stress 
measurements along the [110] direction (sensitive to stress 
relaxation during QWR formation). Contrary to expectations, 
we have found a strong stability in the size, shape and 
composition of the QWRs in the different layers. Despite 
that, we have been able to explain the distribution of the 
extra amount of InAs incorporated in the stacked QWR layers 
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Figure 1. Accumulated stress (2~J a) along the [110] direction during 
InAs deposition for the growth of two stacked QWR layers separated 
by 5 nm of InP. Despite the higher amount of InAs formed with 
respect to the InAs deposited (see text), the slope (ra) is smaller in 
the second layer, indicating that stress is being relaxed from the onset 
of InAs growth. 
separated by a thin InP layer. Having revealed the processes 
underlying the formation of nanostructures in stacked layers, 
our results permit us to demónstrate the prediction that the 
nanostructure formation process is different under the presence 
of strain, as proposed in previous works 
2. Experimental details 
The analysed samples consist of three stacked layers of InAs 
QWRs grown on InP(OOl) substrates by solid-source molecular 
beam epitaxy (MBE) and separated by 5 nm thick InP spacer 
layers. The QWRs were formed by depositing 2.5 monolayers 
(ML) of InAs at 0.1 ML s_1 at a growth temperature of 515 °C 
and a beam equivalent pressure (As4) = 2.3 x 1(T6 mbar. The 
InP spacer layer was grown at 380 °C by atomic layer MBE at 
1 ML s_1. The resulting QWRs are oriented along [110] and 
periodically arranged along the [110] direction 
The evolution of stress in the [110] direction during QWR 
formation was obtained by optical monitoring of the substrate 
curvature . This technique provides an in situ and real-
time measurement of the film accumulated stress J] a (stress 
integrated along the layer thickness) . The X-STM 
measurements were performed at room temperature on the 
(110) surface plañe of in situ cleaved samples under UHV 
(p < 4 x 10~n Torr) conditions. All the images shown in 
this paper were obtained in constant current mode at negative 
voltage (filled states) so the group V elements (As and P) are 
directly imaged. 
3. Results 
As studied previously , the evolution of Jjer during 
InAs growth on InP shows a different behaviour in the two 
(110) directions. However, in both directions the evolution of 
5J o shows a linear increase with the same slope corresponding 
to pseudomorphic growth; that is, the InAs layer is growing bi-
dimensionally and coherently on the substrate. These results 
concern the growth of a single layer of QWRs or the first 
layer in a stack. However, in correlated stacked QWR layers, 
the linear increase in ^Jer takes place with different slopes 
in both directions. , along [110] the larger 
slope of JJ er for the second grown QWR layer is due to an 
actual increase of InAs incorporated in the wires compared 
to the deposited amount. This increase in effective InAs 
growth rate should also result in an increase in ^J o measured 
along [110]. However, we observe exactly the opposite: 
an evident decrease in the J^er slope with respect to that 
observed during the growth of InAs in the first QWR layer 
(see figure 1). This effect can only be due to the appearance 
of structures capable of relaxing the stress in this direction, 
demonstrating that, in correlated layers, QWR formation starts 
at the beginning of InAs deposition. This non-SK growth was 
predicted , pointing out that the concept of 
a critical thickness of a bi-dimensional strained layer needed 
for nanostructure formation, as in an SK process, is no longer 
applicable in the case of correlated QWR layers from the 
second layer on. 
The results presented reveal the behaviour of the QWR 
formation process in single layers as well as in correlated 
layers where strain profiles are present at the growth front. An 
atomistic insight into the differences between these two cases 
can be extracted from X-STM measurements. Figure 2 shows 
a filled states image of the three QWR layers. The QWRs in 
cross-section are generally triangular (sometimes trapezoidal), 
Figure 2. Filled states image of the three QWR layers. The bright spots are As atoms in the InP matrix. The shapes of QWR A and QWR B 
evidence the asymmetric shape due to non-SK QWR formation above the first layer of the stack. 
Figure 3. Depth of the trenches as a function of the distance between 
neighbouring QWRs in the second and third layers of the stack. The 
linear flt indicates an angle of 35° with the growth surface. The inset 
shows a fllled states image of two trenches, showing that they are 
parallel. 
with an average height of ~3 nm. Remarkably, triangular 
trenches with different depths can always be observed between 
QWRs in the second and third layers. The InP growth surface 
is fíat before the second QWR layer is deposited, as observed 
by atomic forcé microscopy in a similar sample in which the 
growth was stopped at that point. Therefore, the trenches must 
be created by a process of excavating of the InP spacer layer 
due to As/P exchange and strain driven mass transport, 
From figure 2, and the inset in figure 3, it can also 
be observed that the trenches are not rounded as previously 
observed for InAs/InP quantum dots (QDs) , but they 
are perfectly triangular with always a similar angle of about 
~30° to 40° to the original surface. Surprisingly, the angle 
coincides nicely with those of the QWR facets. Figure 3 shows 
the depth of the trenches as a function of the distance between 
neighbouring QWRs. The trenches are on average deeper in 
the third layer, due to the higher accumulated strain. The 
depth clearly increases with the distance between QWRs. The 
linear fit gives an angle of 35°, which corresponds to the (112) 
and (112) facets. Therefore, as a result of the As/P exchange 
process the same {112} facets (making ~35° with the growth 
surface) are always created between QWRs, which means that 
the exchange process will continué creating extra InAs until 
those stable facets are created, and at that point the exchange 
process will stop. The production of extra InAs though As/P 
exchange is consequently a self-limited process in this case. 
When the QWRs are very cióse, the stable facets will form 
a shallow trench, while the resulting trench formed by the 
same facets will be deeper if the QWRs are far away from 
each other (see figure 4). This will give rise to an asymmetric 
mass transport to the QWRs, resulting in significantly different 
trenches on both sides of the QWR, which can result in the 
formation of asymmetric QWRs. Examples of that can be 
observed in figure 2 in the second layer (QWR A) and in the 
third layer (QWR B). 
The same amount of InAs was deposited in all three 
QWR layers. Because a lot of extra InAs is produced by 
As/P exchange in the second and third layers, a considerable 
difference in size and/or composition is to be expected between 
the QWRs in the first layer formed by an SK growth mode and 
the other ones. Analysing the size of the QWRs in the different 
layers of the stack, we have found the average área of the cross-
section of the QWRs to be 13.8 ± 0.8 nm2, 14.0 ± 1.1 nm2 
and 11.0 ± 1.2 nm2 for layers 1, 2 and 3, respectively. Thus, 
surprisingly, the QWRs in the second and third layers are 
not bigger than those in the first one, and thus the size of 
the QWRs does not reflect the presence of the extra InAs. 
It is possible that this can be explained by a change in the 
composition of the QWRs in the different layers of the stack. 
The composition of the QWRs was investigated by analysing 
the atomically resolved filled states images, in which the As 
and P atoms can be distinguished. In figure 5(a), the As atoms 
in the InP matrix appear as bright features and the P atoms in 
InAs appear as dark spots. As shown in figure 5(a), only a 
few P atoms can be observed inside the QWRs (in particular 
four in QWR A and two in QWR B), indicating that the 
composition is cióse to 100% InAs in every case. This result is 
confirmed by analysing the strain in the nanostructures. Due to 
the compressive strain, the surface will relax outwards after 
cleavage in the QWR regions. This outward relaxation can 
be directly measured by X-STM by scanning at high negative 
voltages (~ —3.0 V) . The relaxation profile of a QWR 
in the first layer was compared to calculations from continuum 
elasticity theory. A finite element calculation was performed to 
solve the 3D problem, in which the size and shape of the QWR 
were extracted from the measurements and the composition 
was changed to fit the measured outward relaxation profile. 
Figure 5(b) shows the measured outward relaxation profile and 
the calculated one when the QWR is considered to be 100% 
InAs. The good fit confirms that the QWRs in the first layer 
are cióse to 100% InAs, and the same is obtained for the QWRs 
in the other two layers. Therefore, differences in composition 
cannot explain the presence of extra InAs. The amount of As 
in the InP barriere above the first layer and the others is very 
similar (see figure 5(a)), so the higher amount of As in the 
capping layer in the second and third layers must also be ruled 
out as an explanation. 
As described, the extra InAs produced by strain-enhanced 
As/P exchange in the second and third layers does not give rise 
to bigger or As-richer QWRs. We conclude that part of the 
— measured 
• calcüated 
Figure 5. (a) Filled states image treated with a local mean equalization fllter showing two QWRs in the flrst and second layers (QWR A and 
QWR B, respectively). The dark spots inside the QWRs are single P atoms. (b) Measured and calculated outward relaxation pro file through 
the middle of a QWR in the flrst layer. 
extra InAs material due the As/P exchange process is involved 
in creating the asymmetric regions of some QWRs as we have 
shown above. Note that these regions were not included in 
the size measurements from which the average área of the 
QWR was determined. The ofher part of the extra InAs is 
accumulated in the trenches, creating inverted QWRs or QDs 
(see figure 2). Finally, a large amount of the extra InAs is found 
to be creating a few big QWRs formed by the overlapping of 
two or more normal QWRs. In particular, in the fhird layer 
a very few huge QWRs with a cross-sectional área which is 
two orders of magnitude bigger than the average valué are 
observed, compensating for the smaller average área found in 
the QWRs of that layer. 
4. Conclusión 
In conclusión, X-STM was used togefher with in situ stress 
measurements along the [110] direction to investígate the 
growfh mechanism of stacked InAs/InP(001) QWRs. The 
results obtained demónstrate that the QWR formation process 
of the flrst and the ofher layers of the stack is drastically 
different. While QWRs in the flrst layer form by an SK 
process, the stacked QWRs start to form as soon as the P 
flux is changed to As flux. This growfh mechanism involves 
a self-limited production of extra InAs by As/P exchange and a 
strong mass transport. Nevertheless, the structural properties of 
the average QWRs in the different layers remain quite similar, 
indicating the high stability of this QWR configuration. 
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